D-Alanyl-(D)-mes0-2,6-diaminopimelic acid endopeptidase was purified 47.4-fold with a yield of 40.5% from mutanolysin, which was partially purified from the cultural supernatant of Streptomyces globisporus 1829, by using ion exchange column chromatographies and a molecular sieve column. The purified enzymewas electrophoretically homogeneous. This enzyme had a molecular weight of 13,500 and an isoelectric point ofp/9.0. This enzymewas most active at pH8.5 and stable between pHs 8.0 and 9.0. The hydrolyzing activity of this enzyme was enhanced by Co+ + and Ca++ but inhibited appreciably by Zn++, Cu++ and EDTA. The enzyme activity was not affected by /Mactam antibiotics and vancomycin. The Kmvalues for bisdisaccharide heptapeptide and its derivative modified chemically by BOC-S were calculated to be 5.7 x 10~4 and 4.0 x 10~4 m,
respectively;
Mutanolysin is a crude enzyme preparation, capable of hydrolyzing powerfully the cell walls of cariogenic streptococci.X) This enzyme preparation was prepared from the cultural broth of Streptomyces globisporus 1829.2) It has been reported that several enzymeswhich catalyzed specifically the hydrolysis of the linkages in the peptidoglycan molecule were purified to electrophoretic homogeneity from this crude enzyme preparation.3A) These purified enzymes were attractive for use as a tool in studies of the cell wall structure and preparation of physiologically and immunologically active fragments from bacterial cell walls.5 '6) The previous works implied that mutanolysin would contain an enzyme (AM3endopeptidase) which is capable of hydrolyzing specifically the D-alanyl-(D)-2,6-diaminopimelic acid (A2pm) linkage in the peptidoglycan molecule from analyses of terminal amino acids of soluble fragments in a mutanolysin lysate of bacterial cell walls contain- Preparation of bisdisaccharide heptapeptide (GMP4-P3MG), disaccharide tetrapeptide (GMP4) , disaccharide tripeptide (GMP3) and N-t-butyloxycarbonyl GMP4-P3MG (N-BOC GMPA-P3MG). These compounds were prepared from the cell walls of Lactobacillus plantarum ATCC8014 and 7V-BOC GMP-P3MG was synthesized chemically as described previously.4) Preparation of cell walls. Microbial cell walls used were prepared as described previously. 1} Assay of the enzyme activities. Cell wall lytic and proteolytic activities were assayed by the method described previously.2}
Determination of AM3-endopeptidase activity was done by estimating GMP4 or GMP3 released from GMP4-P3MGby the enzyme catalysis. GMP4 and GMP3 were determined using a Shimadzu High-performance Liquid Chromatograph (HPLC, LC-3A) consisting of a variable wave length UVdetector and a Chromatopac (C-R1C). The HPLC column (30 x 0.4cm/cm, stainless steel) was filled with Develosil ODS-7 (Nomura Chemical Co., Ltd.). Na-Phosphate buffer (pH 7.0, 0.01m) containing 5% MeOH was used as eluant. Detection was performed with a UV-electrophotometer at 220nm. GMP4 and GMP3were detected in two peaks, a and p anomer peaks, respectively. A typical enzymereaction was carried out as follows:
The reaction mixture (200 /il) containing 20 fA of Tris-HCl buffer (pH 7.5, 0.2m), 100/il of GMP4-P3MG (66.7/ig/ml of water), 30 fi\ of enzyme solution and 50fd of water was incubated at 37°C for 60min. One unit was defined as the amount of enzyme which catalyzed the hydrolysis of 1 jimol of GMP4-P3MG per hr at 37°C.
Determination ofprotein. The protein concentration was determined by measuring the absorbance at 280nm, assuming that the absorbance at the concentration of lmg/ml was 1, 75.
Analyses. Free amino groups and reducing sugars were determined as described previously.
2) The determination of amino acids and N-and C-terminal amino groups of peptides were carried out by the method of Ghuysen et al.10) Glutamic acid in cell walls was determined with a Hitachi KLA-5 type amino acid autoanalyzer according to the previous method.3)
Isoelectrofocusing. Isoelectrofocusing was carried out with Ampholine electrofocusing equipment by the method of Vesterberg and Svensson.n) The samples were run at 500V for 48hr at 4°C. The pH range of the carrier ampholyte was from pH 3 to 10.
Estimation of molecular weight. Molecular weight of AM3-endopeptidase was estimated as described previously.2)
RESULTS
1. Hydrolysis kinetics of L.plantarum cell walls with mutanolysin Alkali-treated cell walls of L. plantarum (60mg) were incubated with mutanolysin (0.2mg, 200U) in a total volume of 6ml of Tris-HCl buffer (pH 8.0, 0.02m) under constant stirring at 37°C for 24 hr. After removing aliquots of the reaction mixture at various intervals, the samples were immediately heated at 100°C for 5min and the optical density at 600 nmwas measured. After centrifugation at 10,000rpm for 20min under cooling, the resulting supernatants were assayed for the liberation of free amino groups, C-and Nterminal amino groups and reducing sugars. As shown in Fig. 1 -a, the cell walls of L. plantarum were almost completely hydrolyzed by mutanolysin by 4 hr and free amino groups and reducing sugars were released in parallel with lysis of cell walls and reached a maximum level equivalent to 6 /imol and 4.3 /imol per ml, respectively. tube 49~60) were pooled and cencentrated by the same method as described in Step 1.
Step 3. The enzyme solution obtained above was further purified on a 3rd CM-Sephadex column in the same manner after desalting with a Mini-Module for Ultrafiltration.
The caseinolytic activity was not detected in the enzyme solution obtained in this step.
Step 4. The enzyme solution thus obtained was further applied to a Sephadex G-100 column (2.4 x 80 cm/cm) equilibrated with 0.01 m phosphate buffer (pH 7.0). Elution was done with the same buffer. The active fraction was pooled and concentrated with a collodion bag (Sartorius-Membranfilter GmbH). The purified enzyme gave a single band on discelectrophoresis. Table I gives a summaryof a typical purification of AM3-endopeptidase from mutanolysin. The enzyme was purified 40.5-fold with a yield of 47.4% from mutanolysin.
Molecular weight ofAM3-endopeptidase
The molecular weight of the enzyme was found to be approximately 13,500, according to a plate gel method using Sephadex G-100 (Hg.
3). Determination of AM3-endopeptidase activity in mutanolysin was done by estimating the content of free amino groups of tetrapeptide released from GMP4-P3MG on enzyme hydrolysis. The peptide was isolated from the enzyme digest by the method of Katayama et al. 9) 4. Isoelectrofocusing The enzyme was applied to an ampholyte electrofocusing column with a gradient of pH 3 to 10. As shown in Fig. 4 , the AM3endopeptidase activity was focused at pH 9.0 and coincided with a large peak of protein.
Catalytic properties of AM^-endopeptidase
The optimum pH for hydrolysis of GMP4-P3MGwas found to be pH 8.5 as shown in Fig. 5 , but the substrate and enzyme products were easily split into disaccharide and lactyl peptide portions by^-elimination in the pH range on the alkali side and so the enzyme reaction was performed at pH 7.5 throughout most of this study. The optimal concentration of the buffer was in the range from 0.02 to 0.08 m. This enzymewas stable in the pH range from 6.0 to 9.0 at 5°C overnight, but the activity was completely lost below pH 4.0. This enzyme was stable below 40°C at pH 7.0, but retained only 50% of the orginal activity after heating at 60°C for lOmin. The activity of AM3-endopeptidase was enhanced to 1 32%by CoCl2 and 1 19% by CaCl2 but was inhibited to 70% by MnCl2, 64% by NiCl2, 41% by ZnCl2, 48% by CuCl2, 33% by HgCl2 and 51% by EDTA. However, the enzyme activity was little affected by the addition of MgCl2 (2him of each salt).
Effect of p-lactarn antibiotics and vancomycin
The effect of some kinds of /Mactam antibiotics and vancomycin on the hydrolyzing catalysis of AM3-endopeptidase was examined. As demonstrated in Table II , this enzyme was entirely unaffected even by the addition of large amounts of /Mactam antibiotics and vancomycin.
Michaelis constants
The apparent Kmvalues for GMP4-P3MG and its derivative modified with BOC-S were determined by the method of Lineweaver and Burk. As indicated in Fig. 6 , Km values for these substrates were 5.7x lO"4 and 4.0x 10~4 m, respectively.
Hydrolyzing activity toward microbial cell walls
Hydrolyzing activity of AM3-endopeptidase was examined toward the microbial cell walls which were susceptible to lysis by mutanolysin.ls2 ' 13) After preincubation with substrate without enzyme for 30 min at 37°C, the reaction was started by addition of the enzyme. alanyl-D-amino acid as a bridge peptide. This finding suggests that AM3-endopeptidase is able to hydrolyze not only the C-terminal d-alanyl-(D)-mes0-A2pm linkage, but also other types of C-terminal D-alanyl-D-linkages in microbial cell walls. This property explains the relatively broad bacteriolytic spectrum of AM3-endopeptidase.
DISCUSSION
It had been demonstrated that mutanolysin, which is an enzymepreparation partially pu-rifled from the cultural broth of Stm. globisporus 1829, included three kinds of enzyme causing hydrolysis of the cell walls of Streptococcus mutans and that these enzymes were purified to electrophoretical homogeneity.2'40 Furthermore, we postulated that the enzyme splitting specifically the peptide linkage of D-alanyl-(D)-A2pm would also exist in mutanolysin from determination of N-and C-terminal amino acids of soluble fragments in a mutanolysin digest of L. plantarum cell walls. With the enzyme reaction, the liberation of N-terminal alanine was first detected after the completion of lysis of cell walls and finally becameequimolar with respect to the mole of glutamic acid in the cell walls. This seems to be due to the catalyzing action of MurNAc-L-Ala amidase, because Mur NAc-L-Ala amidase is dependent on the prior action of a hexosamidase.4) AM3-Endopeptidase was purified 47.4-fold from mutanolysin by CM-Sephadex column chromatographies and a molecular sieve column.
It is well knownthat L3 endopeptidase7'12) of Stm. sp. L3 and KMendopeptidase8'9* of Stm. albus G of streptomycetal origin are able to split specifically the peptide linkage between b-alanine and meso-A2pm in the peptidoglycan molecule. It had been reported that L3 endopeptidase was mainly excreted into the cultural medium of Stm. sp. L3 grown as surface pellicles in the presence of bacterial cells as an inducing agent7) and the isoelectric point of this enzymewas estimated to be pH 7.9,12) whereas AM3-endopeptidase was formed with a constant and large yield in the P3MGwas not affected by vancomycin. This may be explained by the finding21* that amidation of the carboxyl group of A2pminterferes with binding of vancomycin to the substrate. However, further studies on the biological and physiological significance of AM3-endopeptidase are needed to understand whether this enzyme participates in biosynthesis of the cell wall or not.
